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FOREWORD

The Aeropropulsion '87 conference was held on November 17 to 19, 1987, at
the NASA Lewis Research Center in Cleveland, Ohio. In attendance were approxi-
mately 500 high-level representatives of aeropropulsion, airframe, and related
industries, numerous smaller companies, several government agencies, and the
academic world. The purpose of the conference was to present to industry an
unclassified, but otherwise comprehensive, summary of the aeropropulsion
research accomplished by the Lewis Research Center during the early and middle
1980's, with emphasis on the 1985 to 1987 work.

This publication records the Proceedings of Aeropropulsion '87. Its
organization parallels that of the conference itself. Introductory presenta-
tions by senior management of both Lewis Research Center and NASA Headquarters
reviewed some past accomplishments and discussed the philosophy, major thrusts,
and trends foreseen in the ongoing NASA aeropropulsion program. The technical
presentations were grouped into six plenary sessions, dealing with, respec-
tively, (1) materials research, (2) structures research, (3) internal fluid
mechanics research, (4) instrumentation and controls research, (5) subsonic
propulsion technology, and (6) high-speed propulsion technology. The leadoff
presentation for each session consisted of an overview or perspective on the
topic by the appropriate session chairperson.

Authorship credit is listed with each paper in these Proceedings. All
authors are from Lewis Research Center unless noted otherwise. In addition,
the overall conference was planned, organized, and managed by members of the
Lewis Research Center aeropropulsion staff, and was conducted with the assis-
tance of Sverdrup Technology, Inc.

Edward A. Willis, Jr.
NASA Lewis Research Center
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THE 1987 AEROPROPULSION CONFERENCE:

CHANGE AND CHALLENGE

Dr. Robert Rosen, Deputy Associate Administrator

Aeronautics and Space Technology at NASA Headquarters

Dr. Colladay asked me to express his apologies for not being here. In our view this is a very
important conference. Unfortunately, we are less than a week away from Gramm-Rudman, and

Ray is involved this morning in some discussions on its potential impact on the agency.

The first line of Charles Dickens’ A Tale of Two Cities is "it was the best of times, it was the
worst of times." It seems appropriate to me for the last year or so to apply that to aeronautics.

On the one hand, we have incredible opportunities in front of us. We have the potential to
develop not just evolutionary aircraft, but new aircraft, the kind this world has never seen before.
NASP will soon be a reality. A high speed transport is something we are very seriously thinking
about. X-wing is at the beginning of flight testing. The tilt rotor will very shortly be a military
inventory aircraft. We’re also looking into other kinds of aircraft, the ASTOVL and
supermaneuverability concepts, all of which provide an incredible opportunity, the kind of

opportunity that probably has not been here since World War 1.



But there is also a change going on in the world. The preeminence that the United States had in
aeronautics may not exist in the future. Where we were once unchallenged in our technical
endeavors, in our market share, in absolute terms we may no longer be. While we have an
opportunity that we have never had before, we also have a challenge that we have never had
before. So today I want to talk about some of the changes we see in aeropropulsion and to

consider how those changes are affecting what we will do in the future.

Let us look at the challenges. There are challenges for the agency, for industry and academia,
and for the rest of government. We need to determine how we can meet the challenges that we
have before us. I think all of us are here because we all like a challenge; we like to look at, and

prepare for, the future.

Let me talk about some of the changes we face, most of which you have heard before, but let us
consider them in total. The first has to do with market change. For a long time the airline
market was fixed. We knew what we were going to fly, what kind of range we needed, what kind
of speeds were involved. But now we have a dramatically growing interest in long-haul aircraft.
The market for transoceanic flights is predicted to be something like 300,000 passengers per day
by the year 2000, and we believe it is going to double 25 years after that. That's an incredible
new market and the figure of 300,000 passengers per day probably does not take into account the
benefits that we will acquire from high speed aircraft. We see commercial aviation going to a
high speed arena to take advantage of this very large new market. We see other changes having to
do with revolutionary concepts in envelope expansion, range and maneuverability, like ASTOVL
and NASP. On the other hand, we have also predicted that aviation fuel prices were going to go
up, but in fact they have been fairly steady. So this predicted change did not come about and

thus is affecting the way we think about future operation and development costs.



But those are not all the changes. The biggest change, one that is on everyone’s mind, has to do
with competitiveness. Where the U.S. once had a 90% market share in commercial aircraft, where
we had a very sound general aviation industry, where our rotorcraft industry was very strong, we
now have significant challenges from overseas. I am not going to go into that any further, as
we're all too aware of it. The competitive change has also led to closer ties with the Europeans
than ever before. This has obviously been in response to others impacting what used to be a US.
dominated market. Over the long haul, the Japanese and Europeans are very consciously looking
at those technologies which will strengthen their position in the market. Our belief right now is
that while they haven’t specifically targeted a high speed transport, they are certainly pursuing
those technologies which will allow them to gain greater capability and thus offer greater

competition.

Then there are technological changes which have come about in the last few years: computational
methods are stronger now than ever before. Supercomputers are more available and are being
used to a greater extent. Some of the revolutionary concepts I mentioned earlier really drive
propulsion/air frame integration as well as control system integration, and many of these concepts

have to be explored through the use of computers.

The final change I want to mention has to do with R&D support. The national debt is creating
pressures which are very, very severe; in fact, Dr. Colladay is not here today because of the
national budgetary pressure we are facing. At this point we do not know what is going to be the
impact on the NASA budget with all the problems involved with reducing the national debt. But
one thing we are sure about is that there isn’t going to be any easy money. It is not a simple task

for us to go to OMB and say, for instance, that somebody at Lewis has a good idea in



aeropropulsion, and since it is a good idea we need additional funding. That just will not work.
The competition for government funds is very severe these days. And when you have
successfully achieved one hurdle, the next one is just as big. You’re not sure what your budget
will be until the last hurdle is cleared. The resulting effect is that our programs have to be
extremely strong and they have to have broad support. It’s not just because we’re the National
Aeronautics and Space Administration and we do good work that we get funded. We will get
funding for programs that are well-supported by industry and academia, and that have good
technical merit behind them. If the support and merit are not there, our budget requests will not

be accommodated.

With the opportunities that we have and with the changes that are occurring, we must take the
world as it is today and seek ways to do the job we are doing now and do it better. That is a

challenge for each one of us and that is the challenge we will now consider.

I think the right way to approach today’s challenges is to pick up on the opportunities and decide
that we must do things a bit differently than we have done them before. We must decide that we
need greater teamwork between industry, government, and academia. Teamwork will allow us to
overcome some of the shortcomings of the past. The reason we have to do this is simple; we can
not achieve the kind of leadership that we’ve known in the aeronautics industry and in
aeropropulsion without doing things differently than in the past. For the past 50 to 70 years we
worked with the aeronautics industry in a predictable, constant way and we achieved a wonderful
market share. We achieved incredible technical leadership. But things have changed. As a result
of the changes mentioned earlier, instead of a 90% market share in commercial aircraft, we now
have a 70% market share. That's proven to us something very clear: 90% is not our birthright.

American airlines are not going to buy only from American aircraft manufacturers. European



airlines and airlines in the rest of the world will go where the price and the technology are best.
The U.S. has come down from that 90% equilibrium position. In my view, the U.S. situation was
in equilibrium for a long time, but now that equilibrium has been disturbed. Now the U.S. is at

70%, which may not be an equilibrium position.

What 1 would like to see is that we work together to achieve the strongest position that we can for
aeronautics. There are many factors that enter into the 90% to 70% decline, and into what is
going on right now in industry. You know the factors; they include government subsidies,
insurance settlements, and several others things which are not technological factors. We have to
address those things somehow, but I will not address them here today. I'm not going to tell you
about government subsidies or insurance settlements. But what I am going to talk to you about is

technology. I feel that in the overall scheme of things, technology is really the key.

In spite of government subsidies and whatever else is going on in the economics of aeronautics,
one thing is certain: if U.S. aircraft don’t have the best technology, they will not be bought, and
we will not succeed. We cannot overcome foreign government subsidies with inferior technology.
Thus, 1 want to talk about ways we can work cooperatively to improve the technology that is on
our aircraft. In particular, I want to talk about the challenges that exist for NASA, for industry,

for DOD, and for academia with respect to improving technology in today’s environment.

Let me start out with NASA-Lewis first. Lewis works in a number of technology fields. They
have a solid foundation in turbomachinery, materials and structures, and guidance and control
systems. They have a growing expertise in internal fluid mechanics and validation of its
applications. They are fostering and developing innovative concepts in aeropropulsion. The

advanced turboprop, which is something we are all very proud of, is an example of developing an



innovative concept to the point where it is utilized by industry. This is another strength of
NASA-Lewis: the ability to transfer technology to industry and other government agencies.
They have an outstanding spectrum of experimental facilities; you have an opportunity to tour
those facilities during this conference. 1 urge you to use that tour to look at the facilities that are
here, to think about how these facilities can help you, how these facilities can be made available
for your needs, and how can you apply them. NASA Headquarters is interested in making these

facilities available to you; I know NASA Lewis is interested in doing this as well.

But there is a challenge to the Lewis Research Center to help improve on what you are doing and
at the very same time to develop closer ties with industry. Let me offer some specific challenges
to Lewis to move closer towards the goal of superior aeropropulsion technology. First, do not
compete with industry. The Lewis Research Center has certain capabilities which are
outstanding, but the Center is not in the business of developing engines. Don’t try to develop
engines, Try to develop the long-term fundamental research which you can do best of all and
leave the engine development to the people who can do that best, the aeropropulsion industry.
Work on the long-term research, but while you are working on the long-term research, think
about the partnership that I challenged you with earlier. Think about how you can make your
long-term research consistent with what is going on in industry. Look for ways to accomplish
intermediate goals within that long-term research and transfer it to industry as it comes along.
Make sure that you transfer your research accomplishments so that industry has immediate access
to newly developed technology. Get closer to the people who are doing the research in industry
and find out what their needs are so in fact your research becomes relevant; so that your near-

term objectives in your long-term effort become relevant to industry’s needs.



Another way in which NASA Lewis can draw closer to industry is to work aggressively to seek
joint programs and cooperative adventures with industry. The Center is doing a considerable
amount of research. There is a lot of similar work going on in industry. Find ways of pulling
those programs together so you can work as partners, SO you can benefit from what is going on in
industry, and industry can benefit from what is going on at the Center. In the end, you will be
collectively stronger. My promise is that I personally will do what I can to break down the
natural and bureaucratic barriers that seem always to occur, 0 that these cooperative programs

can occur as easily as possible.

With respect to the academic community, I challenge NASA Lewis to increase its involvement
with that community as well. Take advantage of the academic community as a source of ideas,
both fundamental and technical ideas and innovative concepts. Use that talent, get that talent
into the Center and spread those ideas throughout the Center. Provide access to universities as a
way of working hand-in-hand with the facilities through your computers so that a partnership is
built. I think ICOMP, the Institute for Computational Mechanics in Propulsion, is a good
example. It was started at Lewis a couple years ago and it’s already having some very good
results. I urge you to continue that program and to develop similar ones to establish coordination

and cooperation with the academic community.

Last, I urge NASA Lewis to plan its programs in such a way as to take advantage of what your
real strengths are: your researchers and the stability you offer those researchers to do sound,
fundamental work. I believe the program at Lewis can be extremely strong technically because of
what you can offer to the people who work here. This country does not need a mediocre
aeropropulsion program in the National Aeronautics and Space Administration. What this country

needs is an absolutely in-depth, first class research program, and I think that the resources that



are here at this Center can be brought to bear on that research program. 1 urge you to follow
through as strongly as possible in planning high quality technical research, the kind of research
that industry is anxious to utilize. If you do that, the partnership between NASA and industry
will become very strong. There will not be competition, but rather, support, cooperation, and

eagerness on the part of industry for your research programs.

Now that I have talked specifically about challenges to NASA Lewis, let me tell you what I
believe are the challenges for industry. There is, of course, an economic challenge which I will
not talk about here. Rather, I will talk about the challenge of technology development. The
industry-sponsored R&D work that goes on is a critical and special ingredient in our equation for
national technical strength in aeronautics. By and large the work that comes out of industry on its
own has been excellent. But I believe there is something which industry can do better; industry
should take advantage of the strength at the NASA Centers, in particular, the Lewis Research
Center. There’s a tremendous capability here in people, resources, and facilities. I think that
industry ought to view the NASA Centers not merely as a funding source, but also as one element
in their overall corporate research activity. The Center is here and much of its reason for being is
to support industry. So the challenge I offer to industry is to form a better working relationship
with NASA and strive to become an equal partner. Do not utilize NASA merely as a fund source;

utilize it as an equal partner in research.

Let me suggest some ways that industry might do that. When I talked about challenges for the
Center, I mentioned closer cooperation with industry and the idea of working towards joint
programs: that challenge applies equally to industry. Industry can also work with the Centers for
joint programs. Seek ways in which to do research and ways in which to work cooperatively with

the NASA Centers. There are some excellent examples of successful joint programs. I see no



reason why those programs cannot be expanded and continued to promote closer cooperation

between industry and NASA.

Effective technology transfer is also of interest. You heard that earlier from Lawrence Ross.
What industry must do to succeed at this is to identify and work towards the particular areas
where you think cooperation could exist and then approach NASA. Let NASA know that you
have a program you want to work on cooperatively. Try to be creative when doing some of these
things. Let NASA personnel spend some time in industry. Often what happens in a cooperative
program that uses a Center facility, a wind tunnel or other type of facility, is that industry sends
someone to the Center to work there for a while. Isn’t there also some benefit to having NASA
researchers work in industry for a while? Isn’t there something industry can gain from that? 1

see real benefits in this to both NASA and industry.

Let me digress for just a second and tell you something about our budget process. When we
determine what we’re going to request from the Administration in any given year, we go through
a number of hoops and discussions. We look at what our opportunities are, what is needed, what
we can convince the Administration of, and then what we can convince Congress of. We get
advice from within NASA that we discuss at Headquarters; we get advice from the field centers;
and we get advice from industry. We have advisory committees that we rely upon very heavily in
determining what direction our agency ought to take. I urge industry to take the position of an
equal partner, to get involved with our advisory committees. The advisory committee structure
that we have is fairly broad, and I suspect that everyone in this room is close to someone on an
advisory committee for the Office of Aeronautics and Space Technology. Because of the ties you
have to advisory committee members, everybody in this room has the ability to impact NASA's

programs. Do it! It happened last year when we were going through the interaction process of



putting the budget together. We were undecided about a few elements; we got our advisory
committee in, had an all-day session discussing what should be the approach, and which direction
we ought to take, and the feedback we got was clear. The feedback was certain as to what
direction industry wanted us to go and that’s the direction we took. Take advantage of a very
effective advisory committee structure. I was in industry some time ago and I didn’t know that
the advisory committee structure existed, to tell you the truth. NASA uses the advisory
committee in formulating our budget, in deciding the directions we want to go, in looking at our
programs’ strengths, and in defending our programs. So it's an opportunity for all of industry,

and [ advise and urge you to take that opportunity.

There is another way we can interact. It has to do with industry programs and the support you
have for NASA programs and aeropropulsion. We at Headquarters have recently been taking a
very aggressive position towards the growth we think is essential in aeronautics. We think we've
had some success over the last couple years, and we're excited about obtaining more success in the
future. But industry involvement in the whole process is extremely critical. You have options:

you can participate and help us collectively, or, you can choose not to help us.

Let me give you an example of an external source that is very effective. One of the things NASA
does and ought to do is planetary science. The space part of our business is the most well-known:
the public views planetary science as essentially what the agency does. Planetary science produces
lots of good science and lots of good PR; we have all seen the wonderful photographs that have
come back from outer space. I happen to be in favor of planetary science; I think it’s one of
those things the agency ought to do, and I don’t want anyone to misinterpret these remarks. The
external planetary science community has decided it can be most effective by having a strong

lobby with NASA and in Congress and they have succeeded. The budget for planetary science in

10



the agency is about equivalent to the budget for aeronautics in the agency. I don’t think the
budget for planetary science is too large, but I think when you make a comparison between
planetary science and aeronautics, the aeronautics budget ought to be a lot larger. For that to
happen, we're going to need some help from industry; the kind of help that the science people in
the agency are getting from the planetary science community. That’s an opportunity to make
your needs known. In order to make your needs known, you need to break down some of the
rivalry that exists between competing companies. Consider the good for all, and that good for all
includes the good work NASA is doing. Industry should not give us credit for anything we don’t

do, but you should give NASA credit and tell others about the things we do for you.

I want to talk now about the universities. I said a minute ago that industry should not consider
NASA merely as a funding source. Universities have a different problem. They need money but
they don’t get money from anywhere except places like NASA. So we have to be viewed as a
funding source by the universities. The challenge to academia is to be more flexible and willing
to move into and support some of the new work that is going on. High speed technology,
supermaneuverability, and ASTOVL are all going to require new kinds of research in new areas.
So the challenge I offer to academia is to take the steps to go in the new direction that aeronautics
is going in. Discontinue the work that is not quite as productive as it used to be, and take this
opportunity to think about moving into a new area, an area where we can make large strides and

where you in fact can support an important goal or direction of the country.

With respect to the other government agencies: there is a challenge for them as well. A
coordinated, cooperative, government research program is essential to sustain the kind of
resources that we have had in the recent past. When we discuss our budget request with the

Office of Management and Budget, the number one question to us is what is the Air Force doing

11



in this area? We must always justify the work that we do compared with what is going on in the
Air Force or the DOD in general. OMB realizes that in the kind of budget situation we are in
now, we can’t afford to duplicate work. In fact, we must do work that is complimentary. The
challenge here is to shed some of the territorial prerogative that we have all had in the past, and
look towards working cooperatively so that the DOD program, or the FAA program, and the

NASA program will fit together to strengthen each agency’s programs.

I also suggest that the DOD and other government agencies as well look for partnerships with
industry. Find ways to work cooperatively to strengthen our overall programs. The Lewis
Research Center has a vision for the future in aeropropulsion that you will hear more about. I
know that vision has been discussed widely within the Center; it has also been discussed at NASA
Headquarters. It is something that we all believe in. While you attend this conference, think
about this vision, and discuss with NASA personnel what you like about it, perhaps ways in
which it can be improved. What NASA really wants is to have a very strong, high quality
program. That is what the U.S. needs, that is what industry needs, that is our reason for being.
Our goal in conferences like this one is to do everything we can to make sure that the program we
have in aeropropulsion is at the leading edge, that the technology is well-transferred, and that the
cooperation between the government and the rest of the aeropropulsion community is as good as it
possibly can be. I urge you to use this conference as a first step towards developing this
cooperation. While you are here for the next few days, think about meeting these challenges for a

stronger aeropropulsion community.
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IMPACT AND PROMISE OF NASA AEROPROPULSION TECHNOLOGY

Neal T. Saunders
and
David N. Bowditch

SUMMARY

The aeropropulsion industry in the United States has established an envia-
ble record of leading the world in aeropropulsion for commercial and military
aircraft. NASA's aeropropulsion propulsion program (primarily conducted
through the Lewis Research Center) has significantly contributed to that suc-—
cess through research and technology advances and technology demonstrations.
Some past NASA contributions to engines in current aircraft are reviewed, and
technologies emerging from current research programs for the aircraft of the
1990's are described. Finally, current program thrusts toward improving pro-
pulsion systems in the 2000's for subsonic commercial aircraft and higher speed
aircraft such as the High-Speed Civil Transport and the National Aerospace
Plane (NASP) are discussed.

INTRODUCTION

In 1987 the aeronautics community commemorated the 50th anniversary of the
first successful operation of a turbojet engine. This remarkable feat by Sir
Frank Whittle represents the birth of the turbine engine industry, which has
greatly refined and improved whittle's invention into the splendid engines that
are flying today. During the past 50 years, the U.S. aeropropulsion industry
has developed an enviable record in leading the world in the continual develop-
ment of new aircraft engines with improved performance, durability, environmen-
tal compatibility, and safety. NASA, as did its predecessor NACA, takes pride
in assisting the development of this record as a long-time partner with U.S.
industry in the creation and development of advanced technologies which have
spurred each new generation of engines.

This paper highlights some of the recent contributions of NASA's aeropro-
pulsion research and technology efforts (fig. 1). Several technology advances
that emerged from NASA research efforts in the 1970's and early 1980's were
instrumental in the development of high-bypass turbofan engines that are power-
ing today's fleet of commerical transports (such as the Boeing 767 shown at the
lower left). And some of our more recent efforts have been key to the develop-
ment of advanced turboprop engines which will lead to the introduction of a new
generation of transports (center) in the mid-1990's. Also, we will describe
some of the current research efforts that are aimed at advanced propulsion sys-
tems that might power transports in the 21st century. This includes advanced
engines for both subsonic transports and high-speed transports such as the High-
Speed Civil Transport (HSCT) and the National Aerospace Plane (NASP) (upper
right).
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Fifty years after the Whittle engine first ranm, it is interesting to
review the improvement in efficiency of commerical turbofan engines, shown in
figure 2. The thermal efficiency of the Whittle engine was relatively low
because of its low pressure ratio and low maximum temperature. As improved
materials and aerodynamics became available, these parameters increased dramat-
ically, improving the core thermal efficiency for first-generation turbine
engines. Second- and third-generation turbine engines benefited from further
increases in thermal efficiency and also obtained major improvements in propul-
sive efficiency by increasing the bypass ratio of the turbofan engine.

Advanced turboprop engines will obtain further dramatic increases in propul-
sive efficiency by increasing the bypass ratio to its ultimate practical value.

NASA AEROPROPULSION CONTRIBUTIONS
Base Research and Technology Program

Base research and technology contributions of NASA's aeropropulsion pro-
gram have been many and varied, and some of the more significant technologies
are listed in figure 3. One of the most significant technology advances
involved improved aerodynamic designs for fans and compressors. In the 1970's
NASA, through both in-house and contract efforts, built and tested more than
100 single- and multiple-stage compressors and fans to develop and verify
advanced design concepts such as high tip speeds, low source noise, controlled-
diffusion blading, and low-aspect-ratio blading. These technologies were com-
bined in the design of the compressors and fans of the Energy Efficient Engine
Program, which provided unprecedented performance improvements. These compo-
nents provide the basis for the fans and compressors on the newest commercial
turbofan engines. The other major NASA contributions listed in figure 3 (com-
posite materials and structures, thermal barrier coatings, reduced noise and
emissions, and advanced controls) are described in later figures.

NASA Lewis Research Center has been a leader in the development of compos-
ite materials and the structural analysis necessary to provide significant
reductions in engine weight and fuel usage (fig. 4). A PMR-15 polymer deve-
loped at Lewis is currently the nonmetallic composite matrix with the highest
use temperature (550 to 600 °F). Composites using graphite fibers in a PMR-15
matrix have been used to produce a lightweight fan duct for the F404 engine,
as illustrated on the left side of this figure. Current research is aimed at
extending the use temperature to 800 °F. For higher temperatures Lewis is
investigating metal and ceramic-matrix composite materials.

To efficiently use the anisotropic composite materials, new analytical
methods and computer codes had to be developed. Composites micromechanics and
laminate theories have been developed through Lewis programs and incorporated
into the Integrated Composites Analyser (ICAN) code (right side of figure) to
predict the material properties necessary to design components such as fan or
propeller blades. These contributions have provided significant weight reduc-
tion and permitted improved aerodynamics through thinner blades without the
dampers necessary on the older metal blades.

Ceramic thermal barrier coatings are being used in many of today's engines

to extend the lives of metal parts used in combustors and turbines. The use of
thermal barrier coatings by applying a ceramic coating onto a metal burner or
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turbine part to protect the metal and reduce its temperature was recognized in
the 1960's. However, early applications were frustrated by the coating spall-
ing off after short periods of use. NASA led research on those coatings which
identified the failure mode as oxidation of the underlying metal and developed
bond coatings and application procedures that have successfully prevented the
coating failure. Increased reliability has resulted in the increased use of
coatings in engines during the past two decades (fig. 5). Initial use was lim-
ited to a band-aiding approach to extend the life of combustor liners (left).
During the 1980's improved thermal barrier coatings have been applied to
selected areas, such as turbine vane platforms (center), to extend life and
reduce cooling air requirements. As the technology of these coatings reaches
full maturity, thermal barrier coatings will be extended to more critical
areas, such as the aerodynamic surfaces of turbine blades (right).

NASA has played a dual role in noise reduction of commerical turbine-
powered aircraft by contributing to the technology and by providing unbiased
expert consulting to the FAA in its rule-making role. This role, combined with
industry programs, has resulted in dramatic reduction in noise generated by the
modern turbofan aircraft (fig. 6), making them the good neighbors they are
today. NASA Lewis did extensive research in the sources of noise, acoustic
treatment to suppress the emitted noise, and necessary procedures to measure
noise in ground test facilities so that flight noise could be estimated. This
understanding was used by NASA and the industry to design new components,
engines, and installations that reduced airport noise to an acceptable level.

The trend in turbine engines toward more controlled variables to get
improved performance and efficiency, as shown in figure 7, has made it neces-
sary to switch from the old reliable hydromechanical control to a modern, flex-
ible digital control. The many technical barriers to this transition have been
a subject of research at Lewis since a J-85 engine was first operated under
digital control in 1970. To develop a formalized procedure to design cortrols
for so many simultaneous variables, multivariable control theory for turbine
engines was developed by Lewis and demonstrated in the F100 Multivariable Con-
trol Program. Since the most unreliable components of the contrcl are the
engine sensors, Lewis developed algorithms to allow the failure of sensors to
be detected and accommodated while continuing to safely control the engine.
Digital control is currently being used on the F100 in a supervisory trimming
mode with a hydromechanical control and is being demonstrated in flight in a
full authority mode in the digital electronic engine control (DEEC) for the
F100 engine. This type of control system will be on most of the new high-
performance engines of the 1990's and 2000's.

Advanced Turboprop Program

The effect of bypass ratio on civil transport engines in terms of fuel
usage is shown in figure 8. The specific fuel consumption (SFC) of turbine
engines has declined as the bypass ratio has been increased. When turbine
engines were first introduced in commerical service, they were a great success
as long as the fuel price was very low. To improve fuel efficiency, the bypass
ratio was first increased to about 2 for the low-bypass engine and finally to
about 7 for the high-bypass engines with resulting large decreases in SFC.

When the fuel crisis hit in the mid-1970's, it became apparent that further
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decreases in SFC were very desirable. Therefore, the further reduction in SFC
available with the ultimate in high bypass, the propeller, was recognized as a
goal worth investigating.

As a result of earlier turboprop experience, it was initially difficult
to get the reintroduction of propellers for propulsion of commercial aircraft
taken seriously. To compete with turbofan aircraft, similar speed and cabin
comfort were required. Therefore, as shown in figure 9, the initial research
at Lewis in the late 1970's was aimed at demonstrating desirable performance
and noise at higher cruise speeds than had previously been obtained with pro-
pellers. The success of this research indicated the feasibility of achieving
major reductions in fuel usage with advanced propellers. However, studies and
analyses indicated that the full turboprop system had to be demonstrated in
flight tests. So research in mechanical systems, such as gearing and pitch-
change mechanisms, and propulsion integration were initiated in the early
1980's. While single-rotation propeller systems are simpler and have applica-
tion to many types of aircraft, it was recognized that the swirl loss of about
8 percent could be avoided with counterrotation. The additional benefit of
propulsion integration on aircraft with tail-mounted engines further increased
interest in counterrotation so that research was started in the mid-1980"'s.
These programs have culminated in flight demonstrations of the technology by
Lockheed on a Gulfstream II, by Boeing on a 727, and by McDonnell Douglas on
an MD90. NASA has been actively involved as a partner in all of these flight
tests.

The Advanced Turboprop Program has included NASA in-house research in both
experimental and analytical aerodynamic, acoustic, and structural technologies.
These programs have contributed to the understanding of flutter, acoustics, and
aerodynamics of swept transonic propeller blading. Some recent results, shown
in figure 10, represent Euler solutions of the flow over the blades. At low
forward speeds the leading-edge vortex system displayed in the left picture
explains the good aerodynamic performance not predicted by the simpler two-
dimensional aerodynamics. Unsteady Euler solutions predict the time-varying
propeller aerodynamic forces obtained at angle-of-attack (shown in the center
picture), and the unsteady forces on the blades in a counterrotation propeller
system (shown in the right picture).

As a result of ongoing successful flight programs demonstrating the
advanced turboprop technology, applications will be following in the near
future. As the price of fuel inevitably increases, the increased efficiency
of turboprop systems will be even more attractive, and transport aircraft such
as the proposed Boeing 7J7 and McDonnell Douglas MD93 should become production
aircraft. Advanced cargo aircraft, such as shown in figure 11, are being con-
sidered to provide improved range and efficiency and to replace military air-
craft such as the Cl41 and the C130.

Hot Section Technology (HOST) Project

In the early 1980's, the life of commercial engine hot sections was con—
siderably shorter than desired. NASA's HOST Project was conducted to focus
technologies for aerothermodynamic and structural analysis of combustors and
turbines toward more accurate predictions of hardware life (fig. 12). There-
fore, for the first time, the aerothermodynamics to predict the thermal envi-
ronment, heat transfer, and resulting thermal loads on components were combined
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with materials behavior to predict the structural response and resulting life.
Before the HOST Project, life prediction was a primarily empirical art; if a
new component differed significantly from previous experience, life prediction
was inaccurate and ultimately dependent on life testing and redesign if prob-
lems arose. HOST has combined the analytical approach with the development of
advanced instrumentation used in benchmark quality experiments to better char-
acterize the actual hot-section environment and to verify computer codes. As
a result, more accurate analytical predictions of hot-section life are now
possible.

The HOST instrumentation program focused on two types of instrumentation:
instrumentation for characterizing the environment in the hot-section region
and instrumentation for measuring the effect of that environment on the hot-
section components. Examples of each type are shown in figure 13. The thermo-
couple probe is capable of measuring dynamic gas temperature fluctuations with
a frequency response out to 1000 Hz. Tests of this probe at the combustor exit
of an F-100 engine showed rapid dynamic gas-temperature excursions from as low
as the compressor-exit temperature to near stoichiometric temperatures. The
lower left picture is a view of a fuel nozzle in an engine operating at full
power, obtained by using the new fiber optic combustor viewing system. Not
only can it get such views in an operating engine for the first time, but by
using laser light as an illumination source and filtering out the combustion-
generated light, it can look tarough the flame and view the opposite wall dur-
ing operation. Heat flux measurement on an operating turbine vane is another
new capability developed in the HOST Project. These and other new instruments
are giving new understanding of the environment in the hot sections of operat-
ing turbine engines.

Predictions of the HOST codes for a turbine blade in an operating engine
are illustrated in figure l4. The variation of load with time associated with
engine operation during a typical flight is shown in the upper left of the fig-
ure. The aerothermodynamic codes are used to predict the mechanical and ther-
mal loading on the blade shown in the upper right. Heat-transfer codes are
used to predict the temperature distribution in the blade, as shown in the
lower left, at each instant of time. Mechanical and thermal loading distribu-
tions are used in structural analysis codes to determine the stress and strain
distributions in the turbine blade. By evaluating the time-varying stress and
strain using a life model, failure can be predicted; in this case, at about the
center of the blade leading edge. Understanding the failure mechanisms in this
manner allows a designer to correct life-limiting parts before the engine runs
for the first time.

TURBINE BLADE MATERIALS TRENDS

From the beginning of the turbine engine in the 1930's, the materials have
limited its efficiency and maximum thrust. In the 1950's and 1960's turbine
blade materials were first wrought and later conventionally cast. During that
period, use temperatures increased at a moderate pace (fig. 15). Beginning in
the 1970's, new materials processing methods accelerated the pace at which use
temperature increased. During this period, Lewis developed oxide-dispersion-
strengthened (0DS) superalloys in-house and through contracts, and subsequently
spun off the technology to industry to provide commercial alloys. The 1950°s
Lewis experience with tungsten-fiber-reinforced superalloys has been recently
used to manufacture the first silicon-carbide-fiber/titanium-aluminide-matrix
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composite material and to characterize it. These materials, combined with
Lewis-developed thermal barrier coatings, will provide surface use temperatures
up to 2300 °F in the 1990's. The Advanced High Temperature Engine Materials
Program, beginning this year, will develop materials like the silicon-carbide-
fiber/reaction-bonded-silicon-nitride material identified in the Lewis in-house
program for use in the 2lst century at temperatures of 2500 °F and higher.
These new materials, through new higher values of use temperature, provide the
opportunity of reaching new heights in turbine engine efficiency and thrust at
speeds from subsonic to high supersonic if the accompanying aerodynamic and
structural technologies can also be developed to allow maximum use of the mate-
rial capabilities.

FUTURE COMMERCIAL SUBSONIC ENGINES

Returning to figure 2, which shows the historical increases in efficiency
obtained in commercial engines, the future gains obtainable with the full
potential of advanced technology have been added to identify the ultimate goal
for subsonic engines (fig. 16). The left portion of the goal corresponds to
advanced turbofans and the right portion to the turboprop with its higher pro-
pulsion efficiency. Reaching that goal requires new levels of performance from
all the engine components by integrating the advanced technology in materials,
aerodynamics, and structures.

The effect of overall pressure ratio on core thermal efficiency is shown
in figure 17 for several levels of maximum cycle temperature and whether the
hot-section components are cooled. For current component capabilities of
2300 °F with ccoling, there is only a minor benefit with increasing pressure
ratio. However, if the components could be operated uncooled at 2300 °F (with
improved materials), significant increases in efficiency could be obtained if
the pressure ratio of the core was increased to 60 or more. In addition, if
advanced components with improved aerodynamic efficiency were available,
further increases in thermal efficiency could be obtained at 2300 °F if the
pressure ratio was further increased to 100. Increasing advanced component
operating temperature to 3000 °F uncooled (with ceramic and carbon/carbon com—
ponents) requires even higher pressure ratios to obtain maximum efficiency. It
is important to note that increased temperature must be combined with more
efficient components and unprecedented levels of cycle pressure ratio in order
to realize major increases in core efficiency.

The core pressure ratios necessary to realize the full potential of new
materials will require new aerodynamic technology for both the high compressor
and turbine. As shown in figure 18, at pressure ratios of 100 or more, new
materials will be needed in the latter stages of the compressor where the tem-
peratures reach 1600 °F and higher. These last stages will also have very low
corrected weight flow and the minute passage heights characteristic of small
engines. Since small engines (with centrifugal/radial flow components) have
had relatively low performance when compared with commercial turbofan engines,
NASA has been directing significant effort at understanding the .oss mechanisms
associated with these components and developing technology to minimize these
losses. Thus, our small-engine technology efforts might well play a key role
in the future development of improved large engines.

As part of our research efforts for small engines, we are currently assem-
bling a large-scale, low-speed centrifugal compressor to investigate the inter-
nal three-dimensional flows so that they can be understood and controlled with
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resulting efficiency improvements. The rotor, shown in figure 19, is 5 ft in
diameter and large enough to install instrument rakes in the passages and to
instrument the vanes and walls with static pressures. The casing is also con-
structed with access for laser anemometry to document the interior flow fields
Analytical codes are being developed in parallel with the experimental efforts.
The left figure illustrates the initial results of a quasi-three-dimensional
thin-layer analysis which represents the expected flow on the meanline of the
passage. Results of this research should eventually lead to improved perform-
ance of centrifugal compressors for use in small engines or the latter stages
of large commercial engines.

Another element in our small engine technology efforts involves ceramic,
uncooled, radial-flow turbomachinery. For several years Lewis has managed the
Automotive Gas Turbine Program for the Department of Energy. The major empha-
sis of this program is to advance the technology of ceramics to a point where
these brittle materials can be considered as serious candidates for use in
high-performance turbomachinery. The goal of this program is to produce and
demonstrate ceramic components capable of operation in a small-engine environ-
ment at temperatures of 2500 °F. Significant progress has been made. Fabrica-
tion technology has progressed from the manufacture of simple test bars and
laboratory specimens to engine quality, complex parts, as shown in figure 20.
Static parts, like those in the figure, have been rig tested at the target tem-—
perature of 2500 °F for extended periods. All the ceramic parts, including the
turbine rotor, have been demonstrated in an engine at 2200 °F for 85 hours at
70 percent of design speed. A turbine rotor has been tested in an engine at
1950 °F and 100 percent of design speed for several hours. Future work is
aimed at component reliability through improved materials, design, and manu-
facturing techniques to increase the overall reliability of ceramic engine
components.

In addition, Lewis has NASA-sponsored research efforts aimed at extending
the use temperature of ceramics to 3000 °F with life similar to current
engines. Thus, emphasis is on high-temperature use of ceramics and on their
structural and environmental durability and reliability. The program is inter-
disciplinary in nature with major emphasis on materials and processing and sig-
nificant efforts in design methodology and life prediction.

LONG-RANGE, HIGH-SPEED FLIGHT

While NASA Lewis will continue to work on subsonic propulsion technoclogy,
the major part of its aeropropulsion program is shifting toward propulsion sys-
tems for long-range supersonic and hypersonic aircraft (fig. 21). The bottom
picture represents configuration~ being studied for second-generation commer-
cial supersonic transports that will probably be limited to turbine engine pro-
pulsion and hydrocarbon (JP-type) fuels. The Mach 5 military aircraft in the
center of the figure is a configuration that Lewis has been investigating
jointly with Langley Research Center and represents aircraft that cruise at
speeds beyond those possible with turbine engines and hydrocarbon fuels.

Lewis is also heavily involved in technology maturation efforts for propulsion
systems being considered for the National Aerospace Plane Program represented
by the aircraft in the upper left of the figure. The NASA aeropropulsion pro-
gram will study propulsion systems for these aircraft to provide technology
for improved efficiency, specific thrust, and environmental compatibility.
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Most of the propulsion concepts under study at NASA for high-speed flight
are shown in figure 22. Many of them have turbine engine hardware in the prime
propulsion stream, but some nonturbomachinery systems are being studied for
special applications, such as acceleration missions (for example, the air
liquefaction cycle and scramjet cycle). High-speed cruise missions usually use
turbine engines for acceleration and cruise, unless the cruise temperature is
excessive for the engine. In these very high speed cases, either ramjet or
scramjet propulsion is used in a dual cycle. For supersonic cruise of a com-
mercial transport, NASA, in a joint program with industry, is studying many
turbine engine cycles, including the turbofan with a supersonic-throughflow
fan which appears to be a promising new concept.

High-Speed Civil Transport

Returning to the efficiency figure (fig. 2), a supersonic cruise aircraft
goal has been added (fig. 23). Because of the large ram-pressure-ratio in
supersonic flight, the Concorde propulsion system achieves a relatively high
overall efficiency in spite of its 1960's technology. However, at the termina-
tion of the NASA Supersonic Cruise Program in the early 1980's, variable-cycle
engines for supersonic cruise were estimated to offer a significant increase
in efficiency over the Concorde engine's value of 40 percent. The goal of the
current NASA program is to increase that efficiency to at least 60 percent
through the use of advanced materials, structures, aerodynamics, and cycles
like the one using a supersonic-throughflow fan.

Supersonic Throughflow Fan Technology

The advantages of the supersonic fan relative to a baseline afterburning
turbofan are illustrated in figure 24. The simpler inlet and fan are lighter
weight and more efficient by avoiding the complexity of slowing the external
flow to subsonic speeds before introducing it to the fan. These advantages
provide about a l0-percent decrease in specific fuel consumption and about a
25-percent reduction in propulsion weight, which leads to a 22-percent increase
in aircraft range. Since the feasibility of maintaining supersonic flow
through a turbomachinery stage has never been demonstrated, Lewis has initiated
an exploratory program to investigate the feasibility of the supersonic fan
component,

A cross section of the supersonic fan experimental hardware currently
being constructed at Lewis is shown in figure 25, together with several com-
puter solutions used in its design and analysis. The supersonic fan rotor and
stator are located in the center of the installation downstream of an annular
sliding block nozzle, which generates the supersonic flow into the rotor. A
similar sliding nozzle is located downstream of the stator to slow the flow
before it enters the exhaust duct. The quasi~three-dimensional thin-layer
Navier-Stokes solution shown on the left was used to optimize the pressure dis-
tribution on the blading in the presence of the blade boundary layer. The ana-
lytical results shown at the bottom of the figure illustrate the unsteady
interaction between the rotor and stator flow fields. The analytical results
are processed to look like a schleiren photograph of the flow.
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Very High Speed Propulsion

As we direct attention to higher speed regimes, hybrid propulsion systems
beyond turbomachinery cycles must be considered. Figure 26 presents the spe-
cific impulse of the basic airbreathing propulsion cycles and compares them
with the best rockets. The cycles with turbomachinery provide the highest spe-
cific impulse at speeds up to about Mach 5 where it becomes too hot for the
turbomachinery to produce enough pressure ratio to overcome the inefficiency of
its components. The subsonic ramjet then provides the highest specific impulse
until about Mach 10 where molecular dissociation reduces its impulse below that
of the scramjet. Airbreathing cycles always have a higher impulse than rockets
but are much more difficult to operate at the higher Mach numbers. Work at
Lewis and other NASA centers is aimed at extending the use of airbreathing
cycles to Mach numbers higher than the Mach 3+ flown by the YF1l2Z.

A joint study of a military Mach 5 cruise aircraft by Lewis and Langley
Research Centers and industry partners identified an over/under turboramjet
cycle to provide desirable acceleration and cruise performance. The Mach 5
inlet illustrated in figure 27 represents the ramjet configuration with the
turbine engine compartmented off for high-speed cruise. The experimental
inlet hardware was recently delivered to Lewis for test in the 10- by 10-Foot
Supersonic Wind Tunnel. Results of a fully viscous three-dimensional analysis
displayed in the figure indicate that the sidewall boundary layer will collect
on the cowl side of the inlet sidewall and cause separation, which would proba-
bly cause inlet unstart. Analytical results such as these were used to design
a bleed system for the experimental hardware that will be tested in the near
future.

While supersonic combustion ramjets (scramjets) were envisioned over
20 years ago, no one has yet proven their practical use. Langley has led
NASA's scramjet propulsion research and recently demonstrated positive thrust
on a scramjet configuration similar to the one shown in figure 28. Similar
work is now planned by the NASP contractors, as the successful operation of
the scramjet cycle is necessary to achieve a single-stage-to-orbit vehicle.
The environment of a scramjet module is extremely hot and can be created in
test facilities on the ground for only a few minutes at Mach numbers up to 10.
Therefore, scramjet operation at higher Mach numbers will be critically depend-
ent on computational fluid dynamics for analyzing and designing future scram-
jet configurations.

CONCLUDING REMARKS

The U.S. aeropropulsion industry has been very successful in competing in
the world market for powering modern aircraft. NASA takes great pride in its
contributions to that success, some of which have been reviewed in this paper.
As the world competition grows, it will become harder to maintain our current
leadership. NASA's current aeropropulsion program will continue to support
that leadership by emphasizing technology that will provide future opportuni-
ties for major advances in propulsion efficiency and durability. While we have
reviewed the highlights of that program, we could not cover it in sufficient
detail nor describe enough of its programs to gain a full appreciation of its
breadth and scope. Also, we have primarily concentrated on propulsion technol-
ogy for commercial aircraft applications; however, much of NASA's propulsion
technology advances are also applicable to military aircraft systems. The
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papers that follow will provide a broader description of the NASA aeropropul-
sion program, which should help lead the industry into continuing to produce
the best propulsion systems for commercial and military aircraft into the 2lst
century.
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Figure 1. - Current and future aircraft benefiting from NASA's Aeropropulsion
Technology Program.
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Figure 15. - Historic and projected turbine blade materials trends.
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Figure 19. - Large, low-speed centrifugal compressor.
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Figure 21. - Aircraft requiring advanced propulsion for long-range supersonic
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Figure 22. — Advanced propulsion study concepts for supersonic and hypersonic

flight.
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SESSION 1 - AEROPROPULSION MATERIALS RESEARCH

LEWIS MATERIALS RESEARCH AND TECHNOLOGY: AN OVERVIEW

Salvatore J. Grisaffe

SUMMARY

The Materials Division at the Lewis Research Center has a long record of
contributions to both materials and process technology as well as to the under-
standing of key high-temperature phenomena. This paper overviews the division
staff, facilities, past history, recent progress, and future interests.

INTRODUCTION

The Materials Division at the Lewis Research Center is NASA's focal point
for high-temperature materials research aimed at aerospace propulsion and power
systems needs (fig. 1). Lewis is NASA's largest materials research group.
Currently the staff consists of about 99 civil servants (over 45 percent have
earned Ph.D.'s) and 73 National Research Council (NRC) postdoctoral fellows,
university consortia members, support service contractors, and industrial guest
investigators. Their backgrounds cover all the materials disciplines. Thirty
percent of our staff are recent graduates, and this reflects an ongoing commit-
ment to fresh ideas and new talent. Our facilities give us the capability to
make, consolidate, and fabricate new materials and to test and analyze them.
With the Center's powerful computational capabilities, we can also model, com-
pute, and predict material behavior.

Our job is to create new materials and new understanding in support of
NASA's needs and specific materials goals. We then work to transfer the
resulting knowledge, technology, and processes to the broad user community.

For those industrial organizations and universities interested in collabo-
ration on research of potential mutual interest, a description of our key
facilities can be obtained on request. To help us respond, your request should
outline your specific interests.

HISTORICAL MATERIALS DIVISION CONTRIBUTIONS

In the past Lewis has made many contributions to the technology of high-
temperature, high-performance materials (fig. 2). In our laboratories, as well
as in conjunction with industry, Lewis has fostered the advance of such con-
cepts as

(1) Metal matrix composites. Continuous fiber reinforced metal composites

were born at Lewis, and the rule of mixtures was applied to property estima-
tion. More recently, our arc spray monotape fabrication
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process (U.S. patent No. 4,518,625; license available) has opened this arena
to commercial applications.

(2) Refractory metals and compounds. New W and Mo+Re alloys were dis-
covered at Lewis and then were strengthened by Hf and C additions. We con-
ducted much of the early work on HfC and TaC.

(3) Ceramics. Lewis conducted the first engine tests on brittle cermets,
developed early blade root designs for brittle materials, identified the poten-
tial of ceramic ball bearings, and generated early data on the oxidation and
thermal shock resistance of Si3N4 and SiC ceramics indicating their potential
for gas turbine service. More recently, a SiC fiber reinforced silicon nitride
(U.S. patent No. 4,689,188; license available) was developed which has the best
high-temperature strength of any current ceramic composite material.

(4) Coatings. Lewis research resulted in the early identification of
NiCrAl and FeCrAl as surface protection systems for superalloys. Our research
also produced the first thermal barrier coatings (TBC's) to work in actual gas
turbine engine environments and to be tested on blades in engines.

(5) Polymer Composites. PMR-15 was discovered at Lewis, and we supported
it through commercial introduction to flight engines.

Today, propulsion system performance limits are pacing aircraft advances.
Achievement of viable high thrust-to-weight aircraft; Mach 2 to 6 transport
aircraft; very high efficiency/pressure ratio subsonic transport aircraft; ver-
tical, short takeoff and landing aircraft (VSTOL); the National Aerospace Plane
(NASP); and other aircraft depends on advances in engine materials. Similarly,
in the whole arena of space propulsion and space power, the availability of
high-performance materials is controlling advances. Many of the same needs
exist for both types of systems. Indeed, as we move toward hypersonic,
cryogenic-fueled aircraft and multiple reuse rockets, the temperature, perform-
ance, and life demands show significant overlap (fig. 3). One major remaining
area of difference is in the environments such materials experience during
service.

BASIC RESEARCH

In response to the preceding requirements, the Materials Division is
directing its efforts toward advanced high-temperature composites capable of
meeting NASA and industry needs for the year 2000 and beyond. Our work
involves basic research, focused research, and new concept exploration. The
basic studies (about 20 percent of our effort) are aimed at understanding key
barrier phenomena. Some of these areas are shown in figure 4. Note that as
part of our efforts to mathematically characterize and predict material
responses, we have a growing modeling activity supporting our experiments.

Solidification and casting, friction and wear, and chemical synthesis and
deposition are major areas of basic interest. This research is thus heavily
focused on the basics of processing effects on materials' microstructures and
on the understanding of the resultant properties and their degradation during
service.
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FOCUSED RESEARCH AND TECHNOLOGY

About 65 percent of our effort involves focused research - looking at long
range NASA system needs and attacking those issues that either enable or
strongly enhance system performance. Such research covers a very broad range
of NASA and industry interests (fig. 5). In the area of hypersonic engine
structures (and advanced rocket nozzles) we are looking for high-strength/
high-conductivity systems such as W fiber/copper composites for cooled applica-
tions as well as for high-temperature ceramic composites for hard-to-cool com-
ponents. Long-life materials for high-speed turbopump blades, bearings, etc.
are being sought. Ceramic materials, intermetallic composites, and polymer
conductors are all being pursued to provide lightweight, high-performance
alternatives to current technology. 1In the high-temperature superconductor
arena we are supporting efforts aimed at NASA-specific applications. To
enhance satellite performance and the space station's effectiveness, we are
working on improved space lubricants as well as supporting microgravity science
and its applications, including the commercial use of space. Here we do
focused research on basic microgravity processing issues. In our Microgravity
Materials Science Laboratory we work with industry and university investigators
to help clarify their ideas and to lay the groundwork for potential space
experiments or processing hardware.

SYSTEMS DEVELOPMENT

About 15 percent of our effort supports systems where NASA has a major
role in development (fig. 6). For example, our work on the SP-100 (a space
nuclear power generation concept) includes materials for lightweight radiators,
research that is clarifying the basis for Ge-Si/GaP thermoelectric performance
improvements, and high-strength refractory composites for lithium-cooled heat
pipes. Our support for the space station includes identifying salts for ther-
mal storage and corrosion-resistant materials for their containment. Our work
on advanced chemical propulsion engines is focused on new concepts to extend
turbopump and nozzle cycle resistance. In the auto gas turbine program that
NASA manages for the Department of Energy (DOE), we have done much to raise
the reliability and reproducibility of monolithic ceramics and to characterize
factors that currently limit their use. In the NASP program we have a small
role but are contributing to intermetallic and ceramic materials development
efforts.

NASA recognized the growing relationship between materials availability
and system performance limits., So this year a new effort was started. It is
called the Advanced High-Temperature Engine Materials Technology Project
(fig. 7). This base R&T augmentation will concentrate on accelerating the
exploratory and the focused types of our research and will be aimed primarily
at eliminating key barriers to consideration of high-temperature composites
for engines. With this effort we will be moving to tie together both the mate-
rials development and the structural analysis efforts from the start in an
attempt to reduce the 12 to 15 year time that new materials normally take to
reach system use. We are also trying to create new linkages between ourselves,
industry, and the universities. This coordination will benefit U.S5. aeropro-
pulsion by concentrating a diversity of views and backgrounds on moving such
revolutionary materials forward. Specifically, we expect future advances in
ceramics, intermetallics, refractory metals, and polymer composites as well as
in the following areas:
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(1) Fibers (improved fiber properties and temperature limits, fiber
coating to control interface bonding and reactions as well as new
interface characterization methods)

(2) Composite fabrication (optimizing current processes, but looking for
better ways so as to create options to make complex shapes economically
in a reliable manner)

(3) Testing and analysis (new methods and facilities to generate high-
temperature property data and to verify the new analytical codes and
models to guide layup and fabrication)

(4) Life and failure analysis (better ways to relate multiphase micro-
structures to properties and, eventually, properties to component
performance)

(5) Ideas (new ideas to help create a ''mext generation'" basic industry
capable of a strong role in world trade)

CONCLUDING REMARKS

We certainly plan to take full advantage of the expected new interactions
with industry and the universities to deal with these kinds of problems. We
also look at the expanded interactions between materials and structures
research as a way to lower the time it takes to validate a new materials idea
or analysis method.
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HIGH-TEMPERATURE POLYMER MATRIX COMPOSITES
Michael A. Meador

An increasing emphasis on high-performance aircraft and high thrust-
to-weight systems has driven the need to develop and use new, lightweight,
high-specific-strength materials in aeropropulsion. These newer materials (in
particular, composites) must not only offer a weight savings over more conven-
tional materials, but should also be amenable to fabrication into complex
shapes and designs, be resistant to the threats of their use environment (ther-
mal and thermal oxidative degradation, corrosion, etc.), have good mechanical
properties, and be cost effective.

Current state-of-the-art polymer matrix composites will withstand extended
use at temperatures as high as 600 to 650 °F in oxidizing environments. While
this may limit their application as aeropropulsion materials, polymer matrix
composites can be shaped or molded easily during processing, are corrosion
resistant, and can be chemically modified to provide a variety of specific
properties, for example, increased toughness, and increased electrical or ther-
mal conductivity (fig. 1). Where appropriate, the use of polymer matrix com-
posites in aeropropulsion and other material applications can offer savings
not only in weight, but in production costs as well.

The first polymer matrix composites to find use in aircraft engines were
fiberglass/epoxy systems (fig. 2). The earliest uses of polymer matrix compos-
jtes were in noncritical applications, and were also severely limited by the
upper use temperatures of epoxies (250 to 300 °F). Since that time, further
research has led to polymer matrix composites with higher and higher use tem-
peratures (e.g., 600 °F for graphite/polyimides). In addition, time has seen
the acceptance of these materials move from noncritical to critical structural
applications. Current research in the Polymers Branch at the NASA Lewis
Research Center is directed at advanced polymers and polymer matrix composites
for extended use at 700 °F and beyond.

A major concern in the processing of polymer matrix composites is the pro-
duction of voids. These voids can arise from a number of sources: the evolu-
tion of volatile byproducts during processing, contaminants, degradation, or
poor resin flow. Regardless of their origin, voids are not only potential
sources for mechanical failure but can also lead to enhanced thermal oxidative
degradation in the composite. Therefore, one of the major goals of polymer
matrix composite processing is the minimization of void content. One approach
to this (fig. 3) involves a two-step cure procedure. Generally, the first
step (condensation reaction) of this procedure involves the formation of a
low-molecular-weight prepolymer. This first step also produces some quantity
of volatile byproducts which escape during this step. The prepolymer formed
in this step is endcapped with a group which undergoes a cross-linking reac-
tion at a higher temperature (addition reaction) to form a more thermally
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stable polymer network. Unlike the first step, the cross-linking addition
reaction proceeds with no formation of byproducts. The result is a highly pro-
cessable, void-free composite.

In the early 1970's researchers at the NASA Lewis Research Center deve-
loped an addition-curing polyimide resin system known as PMR (polymerization
of monomer reactants) polyimides (ref. 1). These polyimides (in particular,
PMR-15) afford exceptional thermal oxidative stability coupled with good pro-
cessability by way of a number of conventional techniques. The useful life-
times of PMR-15 in air (60 psia) are 10 000 hr at 550 °F and 1500 hr at 600 °F
(fig. &4).

PMR-15 represents the state of the art in 550 °F matrix resins and has
found a wide range of use in both aeropropulsion and nonpropulsion applica-
tions. A study prepared by General Electric (ref. 2) under contract to the
Navy concluded that the inclusion of graphite/PMR-15 composites in a number of
military aircraft engines, such as the F-404, F-110, and F-101, could result
in considerable savings in weight and manufacturing costs (fig. 5). As a
result of this study and a joint Navy-NASA Lewis funded program, General Elec-
tric is currently producing a graphite/PMR-15 duct for their F-404 engine
(fig. 6). Originally made out of titanium, this duct was manufactured by form-
ing and machining titanium plates followed by chem-milling to reduce the final
weight. The graphite/PMR-15 replacement duct, on the other hand, is autoclave
molded in t